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tions	 on	 growth	 and	 survival	 of	 two	 congeneric	 wetland	 sedges,	 Schoenoplectus 











creased	 inundation,	 which	 was	 not	 predicted	 by	 the	 stress	 gradient	 hypothesis.	
Multifactor	manipulation	experiments	addressing	plant	response	to	accelerated	cli-
mate	change	are	 integral	to	creating	a	more	realistic,	valuable,	and	needed	assess-
ment	 of	 potential	 ecosystem	 response.	 Our	 results	 point	 to	 the	 important	 and	
unpredicted	synergies	between	physical	stressors,	which	are	predicted	to	increase	in	
intensity	 with	 climate	 change,	 and	 competitive	 forces	 on	 biomass	 as	 stresses	
increase.
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in	 plant	 distribution,	 productivity,	 and	 phenology	 (Dieleman	 et	al.,	
2012;	 Garcia,	 Cabeza,	 Rahbek,	 &	 Araújo,	 2014;	 Jump	 &	 Peñuelas,	
2005;	 Parmesan	 &	Yohe,	 2003;	 Sproull,	 Quigley,	 Sher,	 &	 González,	





1981),	 and	 these	 factors	 are	 likely	 to	 be	 highly	 affected	 by	 climate	


































on	 species	 interactions	due	 to	 the	 clear	 identification	of	dominant	
stressors	 (Crain	et	al.,	2004;	Pennings	&	Callaway,	1992),	 the	com-
pact	nature	of	 the	gradient,	 and	 the	 significant	negative	effects	of	
predicted	climate	change	(Donnelly	&	Bertness,	2001).	Sea	levels	are	
predicted	to	rise	between	0.4	and	1.8	m	by	2100	(Horton,	Rahmstorf,	
Engelhart,	 &	 Kemp,	 2014;	 Moore,	 Grinsted,	 Zwinger,	 &	 Jevrejeva,	
2013;	Vermeer	 &	 Rahmstorf,	 2009),	 and	 concurrent	with	 this	 rise	
are	 increases	 in	 estuarine	 salinity	 (Cloern	 et	al.,	 2011).	 Although	
increases	in	sea-	level	rise	(SLR)	may	be	counterbalanced	by	sediment	
accretion	 and	 increased	 belowground	 biomass	 production	 (Cherry,	
McKee,	 &	 Grace,	 2009;	 Morris,	 Sundareshwar,	 Nietch,	 Kjerfve,	 &	
Cahoon,	2002;	Schile	et	al.,	 2014),	tidal	wetlands	are	 likely	 to	 lose	
relative	elevation	and	experience	increased	rates	of	tidal	inundation,	
leading	to	increased	anaerobic	stress	(Chapman,	1977;	Ungar,	1991),	
as	well	 as	 shifts	 in	 the	 salinity	 gradient.	 Estuary-	level	 decreases	 in	
biomass	 are	 likely	 to	 occur	 because	 of	 increased	 salinity,	 and	 pre-
vious	 work	 has	 documented	 decreases	 in	 site-	level	 biomass	 with	
increased	 salinity	 in	 brackish	 marshes	 (Craft	 et	al.,	 2008;	 Crain	























inant	at	 low	elevations,	Schoenoplectus acutus,	 and	one	dominant	at	
marsh	plain	elevations,	Schoenoplectus americanus,	that	have	adjacent,	
slightly	overlapping	tidal	distributions	in	the	San	Francisco	Bay	estu-
ary,	California,	USA.	Over	 one	 growing	 season,	we	 investigated	 the	
individual	 and	 combined	 effects	 of	 increased	 inundation	 and	 biotic	
interactions	 on	 above-	 and	 belowground	 biomass	 of	 these	 species	
at	two	tidal	brackish	wetlands	that	differ	slightly	in	salinity.	Based	on	
current	marsh	distributions,	we	hypothesized	that:	 (1)	without	com-






to	 aerate	 anoxic	 soil	 through	 its	 rich	 aerenchymatous	 tissue	 (Sloey,	
Howard,	&	Hester,	2016).
     |  3SCHILE Et aL.

























Schoenoplectus americanus	 has	 been	 studied	 widely	 under	 a	 vari-
ety	of	 climate	 change	and	 competition	 scenarios	 along	 the	Atlantic	
coast	and	Gulf	of	Mexico,	including	flooding,	increased	carbon	diox-
ide	 concentrations,	 and	nutrient	 addition	 (Broome,	Mendelssohn,	&	
McKee,	1995;	Erickson,	Megonigal,	Peresta,	&	Drake,	2007;	Kirwan	
&	Guntenspergen,	2012;	Langley	&	Megonigal,	2010;	Langley	et	al.,	





Rhizomes	 are	 1.5–4	cm	wide	 and	 grow	 linearly	 with	 few	 branches	
(Wildová,	 Gough,	 Herben,	 Hershock,	 &	 Goldberg,	 2007).	 Little	 is	
known	about	the	responses	of	S. acutus	to	increased	inundation	and	






Fourteen	 experimental	 planters	 (hereafter	 called	 marsh	 organs	
(Morris,	 2007))	 were	 constructed	 to	 grow	 both	 species	 in	 tidal	
channels	at	five	fixed	elevations	that	extend	to	approximately	80	cm	



















at	 1.5	±	0.03	m	NAVD88,	which	was	 determined	 based	 on	 surveys	




As	 noted	 in	 previous	 marsh	 organ	 experiments	 (Kirwan	 &	
Guntenspergen,	2012;	Langley	et	al.,	2013),	this	experimental	design	
F IGURE  1 Unplanted	marsh	organ	during	low	tide
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only	allows	for	tidal	drainage	from	the	bottom	of	each	tube	and	does	
not	permit	 lateral	flow.	While	 this	could	amplify	any	potential	 inun-
dation	effects	by	 increasing	residence	time,	we	do	not	feel	 that	this	











site	 (although	 no	 data	 on	 genetic	 variability	within	 sites	 have	 been	








our	planting;	 one	 rhizome	of	 each	 species	was	planted	 individually,	
and	 one	 rhizome	of	 each	 species	was	 planted	 together	 to	 examine	
the	role	of	biotic	interactions.	Every	month	from	April	to	September	
2011,	all	stems	were	measured,	and	total	stem	length	and	stem	den-
sity	 were	 calculated.	 Pore	 water	 salinity,	 pore	 water	 sulfides,	 and	
redox	potential	were	collected	monthly	during	low	tides	at	both	sites	
within	the	same	week.	Channel	water	level	stations	were	installed	at	
both	sites	and	 recorded	water	 salinity	and	depth	 relative	 to	meters	
NAVD88	every	15	min.	The	time	inundated	was	calculated	for	each	
marsh	organ	elevation	at	both	sites	between	March	and	September,	





centrations	were	measured	 in	 the	 laboratory	and	compared	against	
a	standard	curve.	Every	month	at	each	wetland,	one	organ	was	ran-
domly	chosen	to	collect	redox	measurements,	Eh,	within	every	pipe.	
Platinum-	tipped	 redox	 electrodes	were	 placed	 15	cm	 deep,	 left	 for	
a	day	to	equilibrate,	and	Eh	was	measured	during	the	bottom	of	the	
low	tide.	Eh	was	calculated	by	adding	the	field	voltage	to	a	correction	





access	 to	 all	 marsh	 organ	 elevations.	 All	 aboveground	 growth	 had	
stopped	by	the	time	of	removal,	and	all	biomass	from	a	given	organ	
was	removed	on	the	same	day.	 Intact	marsh	organ	tubes	containing	
belowground	 biomass	 were	 removed	 between	 October	 26	 and	 28	
at	 Browns	 Island	 and	October	 31	 and	November	 4	 at	 Rush	 Ranch.	
Aboveground	 biomass	was	washed,	 sorted	 by	 species	 and	 live	 and	
dead	shoots,	dried	at	70°C	until	a	constant	weight	was	obtained	(typ-
ically	2	days),	and	weighed.	Belowground	biomass	was	removed	from	












repeated	measures	ANOVA	 (rmANOVA).	 Salinity	 and	 sulfides	were	
square	 root	 transformed.	A	simple	 linear	 regression	was	 run	 to	 test	
for	 effects	 of	 initial	wet	 biomass	 on	 total	 harvested	 plant	 biomass.	
To	 address	 our	 first	 hypothesis	 at	 each	 site,	 differences	 in	 above-
ground,	belowground,	total	biomass,	 live-	to-	dead	biomass	ratio,	and	
root-	to-	shoot	ratio	between	species	and	among	elevations	were	ana-
lyzed	 using	 a	 two-	way	ANOVA,	 and	 all	 variables	were	 square	 root	




















lnRR= ln(biomasswith neighbors∕biomasswithout neighbors)



















relationship	 for	S. acutus	 at	 the	saltier	 site;	however,	 initial	biomass	
explained	very	 little	variation	 in	 the	final	 total	biomass	 (F1,67	=	4.56,	
P	=	0.036;	R2	=	0.05).
3.3 | Abiotic effects on biomass
When	 grown	 alone,	 inundation	 reduced	 biomass	 of	 S. americanus 
more	than	S. acutus	at	both	sites	(fresher	site:	F9,70	=	7.37,	P < 0.0001; 
saltier	 site:	 F9,69	=	3.00,	 P	=	0.03;	 P < 0.03	 for	 all	 Tukey’s	 compari-
sons;	Figure	2a).	Regardless	of	salinity,	total	biomass	of	S. americanus 
decreased	 significantly	 with	 increasing	 inundation	 (P < 0.03)	 except	
that	the	top	two	and	subsequent	lower	two	elevations	did	not	differ	
significantly	(P > 0.2).	At	the	fresher	site,	total	biomass	of	S. acutus	at	
the	lowest	elevation	was	significantly	less	than	its	biomass	at	all	other	
elevations	(P < 0.03);	otherwise,	the	effect	was	negligible	(P > 0.7).	At	
the	saltier	site,	S. acutus	biomass	did	not	differ	across	the	top	three	or	
bottom	three	elevations	(P > 0.4),	but	biomass	was	greater	in	the	top	
two	elevations	 than	 in	 the	bottom	 two	 (P < 0.02).	 Similar	 effects	of	
inundation	were	detected	for	both	above-	and	belowground	biomass,	









When	 grown	 together,	 inundation	 effects	were	 similar	 to	 those	
when	grown	alone;	S. americanus	had	a	greater	reduction	in	biomass	







within	 either	 site	when	 grown	 together	 (P > 0.2).	 Similar	 inundation	








3.4 | Biotic effects on biomass
The	presence	of	neighbors	reduced	total	biomass	of	both	species,	par-




site	 compared	 to	 any	 other	 site/elevation	 combination	 (Figure	3;	
Table	S5).	Although	the	lnRR	for	S. acutus	was	significantly	lower	than	
zero	(indicating	a	reduction	in	biomass	and	competitive	effects)	at	the	
top	 two	elevations	at	 the	 saltier	 site,	 it	never	was	outcompeted	by	
S. americanus	 at	 any	elevation	 (Figure	3;	Table	S5).	Additionally,	 the	
lnRR	for	S. americanus	was	significantly	lower	than	zero	for	all	but	one	
elevation	and	was	affected	more	negatively	by	competition	compared	





S. acutus	 compared	 to	 that	when	 grown	 alone	 (Figure	3).	 The	 repli-
cate	was	not	found	to	be	an	outlier	(Grubb’s	test	for	outliers,	G	=	1.68	
standard	deviations	from	the	mean).	However,	when	it	was	removed	
from	 the	 analysis,	 a	 significant	 negative	 effect	 of	 competition	 was	
detected	 (t2	=	−4.97,	 P	=	0.04),	 and	 S. americanus	 performed	 worse	
than	its	congener	(F1,7	=	8.34;	P	=	0.02;	Figure	3).
4  | DISCUSSION
4.1 | Direct effects of abiotic factors on growth
Our	 first	 objective	 was	 to	 document	 individual	 species’	 responses	
to	 simulated	 SLR	 under	 field	 conditions.	 This	 experiment	 instanta-
neously	 increased	 inundation	 depths	 between	 0.2	 and	 0.9	m	 rela-
tive	 to	 current	 average	plant	 elevations,	 depths	 that	 are	within	 the	
lower	 range	 of	 2100	 predictions	 of	 0.4–1.8	m	 increases	 (Vermeer	
&	Rahmstorf,	 2009).	Schoenoplectus acutus,	 the	hypothesized	 stress	
tolerator,	 performed	 better	 under	 increased	 inundation	 stress	 than	
S. americanus	 (“better	 competitor”),	 supporting	 our	 first	 hypothesis.	
The	 general	 trend	was	 consistent	 between	wetlands	with	 different	
6  |     SCHILE Et aL.
salinity	regimes,	but	the	magnitude	of	biomass	reduction	for	S. ameri-
canus	was	 greater	 at	 the	 saltier	 site.	Regardless	 of	 the	presence	of	
its	congener	and	salinity,	 the	 low	marsh	species,	S. acutus,	 tolerated	
greater	 inundation,	growing	at	elevations	80	cm	 lower	 than	 its	 cur-
rent	 average	 marsh	 distribution.	 Biomass	 of	 the	 marsh	 plain	 spe-
cies,	S. americanus,	was	greatly	reduced	when	grown	with	 increased	





1995;	 Kirwan	 &	 Guntenspergen,	 2012;	 Seliskar,	 1990).	 Published	
data	are	 limited	on	S. acutus;	however,	Sloey	et	al.	 (2016)	measured	
a	marked	reduction	in	survival	of	S. acutus	when	inundated	100%	of	
the	time	 in	 a	greenhouse	experiment	 and	documented	a	 significant	
increase	 in	 cross-	sectional	 aerenchyma	area	with	 increased	 inunda-
tion.	Additionally,	Sloey	et	al.	(2015)	documented	greater	survival	of	
S. acutus	when	rhizomes	were	transplanted	with	shoots,	likely	due	to	




played	a	 remarkably	broad	 tolerance	 to	 inundation,	with	survival	of	
plants	at	an	average	inundation	duration	of	up	to	8	hr	(Fig.	S3).	The	
F IGURE  2 Aboveground	(AG),	belowground	(BG),	and	total	biomass	of	S. acutus	and	S. americanus	grown	a)	alone	and	b)	together	at	different	
elevations	at	the	fresher,	Browns	Island,	and	saltier,	Rush	Ranch,	sites	(N	=	7;	error	bars	=	±1	SE;	ANOVA	summary	statistics	are	in	the	upper	
corner;	***P < 0.0001,	**P < 0.001,	and	*P < 0.05;	§significant	differences	between	species	for	BG	biomass	only	at	P < 0.05)
     |  7SCHILE Et aL.










replicate	 sites	within	each	 salinity	 range,	we	 likely	 can	attribute	 the	
reduced	 biomass	 to	 increased	 salinity	 because	 other	 environmental	
factors	largely	did	not	differ	significantly	between	sites	(Table	S2).	The	
depth	of	inundation	was	greater	at	the	saltier	site	(Table	S1),	but	the	










4.2 | Importance of biotic interactions along 
stress gradients
We	predicted	that	the	marsh	plain	species,	S. americanus,	would	have	
greater	biomass	 and	 competitive	ability	 at	 higher	 elevations	due	 to	
its	rhizome	morphology	and	overall	marsh	dominance	(hypothesis	2);	
our	data	support	this	hypothesis	but	only	under	the	most	benign	con-
ditions	 tested:	 the	 top	 elevation	 at	 the	 fresher	 site	 (Figures	2b	 and	




the	 two	 highest	 inundation	 levels	 at	 the	 fresher	 site,	 S. americanus 
had	a	reduction	in	biomass	with	little	observed	effect	of	competitive	
or	facilitative	interactions	(Figure	3).	Greiner	La	Peyre,	Grace,	Hahn,	
and	Mendelssohn	 (2001)	 documented	 a	 similar	 pattern	 of	 reduced	
biomass	 for	 fresh	 and	 brackish	 marsh	 plants	 with	 increased	 stress	







rior	 to	 the	 stress	 tolerator,	 S. acutus,	 across	 most	 inundation	 levels	
(Figure	3).	Furthermore,	there	was	no	evidence	for	facilitation	under	
any	treatment,	and	the	negative	effect	of	competition	was	amplified	






at	high	 stress	 and	neutral	 response	at	 low	 stress	 in	Mediterranean-	









4.3 | Implications with climate change
As	suggested	by	our	data,	predicting	climate	change	effects	 likely	
will	 not	 be	 as	 straightforward	 as	 offered	 by	 the	 stress	 gradient	
hypothesis.	 The	 direct	 effects	 are	 clear	 and	 followed	 what	 was	
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predicted	based	on	existing	distributions/tolerances;	however,	the	
indirect	effects	of	climate	change	on	species	interactions	are	more	
complicated	 and	not	 predictable.	 In	 our	 case,	we	documented	 no	
facilitation	by	the	stress	tolerator	under	the	greatest	simulated	SLR	
and	demonstrated	 that	 its	presence	was	more	deleterious	 for	 the	
other	 species.	Regardless	of	 species	 interactions,	we	documented	











&	Megonigal,	 2010;	 Rustad,	 2008).	 Oftentimes,	 addressing	 factors	
individually	produces	results	that	vary	significantly	than	in	combined	
treatments	and	can	 influence	model	results	 (Dieleman	et	al.,	2012).	
Our	 results	point	 to	 the	 importance	of	 synergies	between	multiple	
stressors,	which	 are	 predicted	 to	 increase	 in	 intensity	with	 climate	
change,	 as	well	 as	 the	 consideration	of	 species	 interactions.	When	
species	are	exposed	to	the	stressor	that	ultimately	is	limiting	at	the	
edge	 of	 its	 range,	 differential	 effects	 of	 biotic	 interactions	 might	
occur	 (Guo	 &	 Pennings,	 2012;	 Maestre	 et	al.,	 2009).	 We	 did	 not	





for	 marsh	 sustainability	 under	 increased	 SLR	 are	 significant.	 We	
observed	a	reduction	in	biomass	for	both	species	examined	that	was	
amplified	with	an	increase	in	salinity	of	just	3‰.	This	reduction	implies	















individual	 plant	 responses	 and	 competitive	 interactions	 (this	 study),	
and	a	 limited	amount	of	available	upland	habitat	 (Schile	et	al.,	2014;	
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